To study the impact of translational regulation during heavy metal poisoning, Arabidopsis thaliana cell cultures were submitted to sublethal cadmium stress. At the concentration used, cadmium had a minimal impact on the growth of the culture but induced an accumulation of high molecular weight polysomes without de novo production of new ribosomes together with a reduction of protein synthesis. In addition, cadmium stress induces phosphorylation of eukaryotic initiation factor 2a by GCN2 and, in planta, gcn2 mutants are more sensitive to cadmium stress, suggesting a role for this translational regulation mechanism in the response to cadmium stress. Microarray analysis of total and polysomal RNAs in control and cadmium-treated cells reveals a large class of genes for which a variation in total RNA abundance is not linked to a variation in polysomal loading, suggesting that transcription and translation are uncoupled and that these genes are not recruited at the initiation step of translation.
Introduction
Gene expression can be modulated at many different levels, ranging from the accessibility of chromatin to transcription factors to the activity and stability of encoded proteins. Mechanisms acting at all gene expression steps have been widely documented in numerous systems, cells and organisms, including plants. Among the sequence of events leading from the gene to the active protein, the translation of mRNA into protein is considered as the most energy-consuming, and the maintenance of the protein synthesis machinery requires a large part of the cells' resources. In yeast proliferating cells, for example, most of the energetic resources are allocated to protein synthesis to sustain the production of new cell components which are predominantly part of the translational apparatus (Warner 1999) . When encountering changing environmental conditions, cells have to reorganize their protein production activity both quantitatively and qualitatively. Several studies have demonstrated a wide range of translational changes in response to stress, and different mechanisms have been uncovered. In yeast, the increase of eukaryotic initiation factor 2a (eIF2a) phosphorylation by GCN2 in response to amino acid starvation leads to a global reduction of translation intitation while allowing the translational activation of the GCN4 transcription factor for amino acid biosynthesis genes (Hinnebusch 2005) . In animal cells, many different stresses lead to the inhibition of the cap-binding activity of eIF4E by 4E-binding protein (4E-BP) and to a general decrease of translational initiation (Teleman et al. 2005 , Tettweiler et al. 2005 , and GCN2 is also activated by stress and represses translation (Deng et al. 2002) .
In plants, polyribosome loading analyses have revealed changes in specific mRNA translation during several environmental stimuli including light/dark transitions (Petracek et al. 1997 , Dickey et al. 1998 , Hansen et al. 2001 , heat and salt stress (Hua et al. 2001) , water stress (Kawaguchi et al. 2003) , gravistimulation (Heilmann et al. 2001) , oxygen deprivation (Fennoy et al. 1997) , nutrient availability (Rook et al. 1998 , Kim et al. 2004 , Wiese et al. 2004 or metabolite signaling . These studies revealed cis-acting elements involved in regulating the translation of individual messages, such as a short open reading frame in the 5 0 -untranslated region (UTR) of bZIP transcription factors. Large-scale polyribosome loading analysis using DNA chips (Zong et al. 1999) further revealed the dynamic status of mRNA translation during stresses (Kawaguchi et al. 2003 , Kawaguchi et al. 2004 , Branco-Price et al. 2005 , Nicolai et al. 2006 , Branco-Price et al. 2008 , Matsuura et al. 2010 .
Heavy metals and particularly cadmium induce a pleiotropic cellular stress and an array of detoxication responses (Cobbett and Goldsbrough 2002) . In mammalian cells, cadmium impacts on the translational machinery at several levels. The translational elongation factor 1 is a cadmium-responsive proto-oncogene (Joseph et al. 2002) and EIF4E is a target for toxicity and cell death due to cadmium exposure (Othumpangat et al. 2005) . In plants, cadmium is known to enter the cell using cation transporters such as Arabidopsis IRT1 (Connolly et al. 2002) . The detoxication response involves the chelation of cadmium in the cytosol by glutathione and phytochelatins, together with the compartmentation and partitioning between plant tissues (for a review, see Clemens 2006) . However, the cellular targets and signaling pathways leading to the cellular response are still poorly understood.
In the present study the effect of cadmium exposure on the translational machinery in Arabidopsis thaliana is explored. It is shown that polysomal patterns are strongly altered after cadmium stress in A. thaliana suspension cells and that cadmium was found to affect the survival of mutants of defined translation initiation factors and to induce increased eIF2a phosphorylation. In addition, several classes of mRNA were found to undergo translational control in cadmium-treated cells, many of them being maintained in polysomes irrespective of their transcriptional status. This suggests that, during cadmium stress, transcriptional and translational responses are largely uncoupled and that the translational apparatus exerts a homeostatic role to maintain essential cell functions.
Results

Determination of sublethal cadmium stress
The Arabidopsis suspension cells used in this study present three distinct phases of growth (Fig. 1A) . Cadmium was added during the exponential phase, 5 d after subculture in a new medium. The addition of cadmium at 300 mM leads to a strong decrease in PCV (packed cell volume) within a few hours compared with control cells and a decrease in cell viability (Fig. 1A, B) . At this concentration, PCV and viability could return to the value of control cultures, so a lower concentration of cadmium was chosen to treat cells for further experiments. At 200 mM cadmium, PCV and viability were not altered (Fig. 1A, B ) and a diminution of cadmium in the culture medium was observed (Fig. 1C) , indicating the association of cadmium with the cells. In addition, phytochelatins, a known marker of cadmium response, were found to be readily produced at this concentration of cadmium. After 12 h of treatment, phytochelatins were present at 3.15 mmol g À1 FW in treated cells and 0 mmol g À1 FW in control cells. The levels of glutathione were 0.50 mmol g À1 FW in treated cells comapred with 1.42 mmol g À1 FW in control cells, suggesting a significant consumption to synthesize phytochelatins (Supplementary data 1). We therefore concluded that at 200 mM cadmium, a sublethal cadmium stress, including a full adaptation response, was produced in the culture.
Sublethal cadmium stress affects polysome distribution and translational efficiency
To evaluate the impact of cadmium on the whole protein synthesis machinery, polysome profiles were generated for several A second x-axis is added to indicate the different times used after cadmium addition (means ± SD, n = 6). (B) Viability measurement after cadmium addition (means ± SD, n = 6); the x-axis represents the optical density at 490 nm. (C) Evolution of the cadmium concentration in the culture medium (means ± SD). kinetic points after cadmium addition from treated and control cells. After 12 h of treatment, an increase in the high molecular weight polysomes was observed ( Fig. 2A) . This modification of the polysome profile is correlated with an accumulation of rRNA in the heavy polysome fraction and a diminution of 80S rRNA abundance (Fig. 2B) . Cadmium-induced high molecular weight polysome accumulation occurs in the presence of the elongation inhibitor cycloheximide, suggesting that it is driven by a different process (Fig. 2C) .
In another experiment, the rate of production of ribosomes was evaluated in cadmium-treated and control cells. For this, we measured the amount of the spliced 35S RNA. This unstable RNA species is spliced from the common precursor of the 18S and 28S rRNA and its accumulation reflects the rate of production of the more stable rRNA and of the ribosome itself. Minor variations in the amount of the spliced 35S RNA were observed in cadmium-treated vs. control cells, and at different time points up to 48 h after cadmium addition (Fig. 3A) . Western blot analyses of ribosomal proteins S6 and L13, that belong to the small and large subunit of ribosomes, respectively, show that the addition of cadmium leads to a slight decrease in their abundance (Fig. 3B) . [ 35 S]Methionine incorporation during cadmium treatment shows a decrease of 25% in the rate of protein synthesis at 12 h that reached 50% at 24 h of cadmium exposure (Fig. 3C ).
Cadmium affects GCN2-mediated eIF2a phosphorylation
One of the main steps at which translation is regulated during stress is the phosphorylation of eIF2a (Deng et al. 2002 , Lageix et al. 2008 , Zhang et al. 2008 . Upon phosphorylation by various stress-responsive kinases, eIF2a affects the global rate of translation initiation and may lead to the increased translation of specific mRNAs, such as that for the yeast transcription factor GCN4. The phosphorylation status of eIF2a was then examined. An increase in eIF2a phosphorylation was readily observed in cadmium-treated cells compared with control cells. However, the extent of eIF2a phosphorylation due to cadmium is lower than that found in cells treated with chlorsulfuron, a herbicide that inhibits amino acid biosynthesis (Fig. 4A) . Since the AtGCN2 protein kinase was found to phosphorylate eIF2a (Lageix et al. 2008) , we investigated the cadmium response of in vitro grown gcn2 mutant plants at toxic but not lethal cadmium concentrations (Herbette et al. 2006) . This shows that cadmium-induced eIF2a phosphorylation was mostly dependent on AtGCN2 (Fig. 4B) . In addition, gcn2 plantlets grown on vertical Petri dishes in the presence of cadmium display a growth retardation phenotype that is dependent on the concentration of cadmium (Fig. 4C, D) . Taken together, these results show that increased eIF2a phosphorylation mediated by AtGCN2 is a part of the response to cadmium stress.
The distribution of individual mRNAs during cadmium stress
To characterize further the translational response to cadmium stress, we analyzed the polysomal association of individual mRNAs using CATMA microarrays containing 24,576 probes corresponding to approximately 22,000 Arabidopsis genes. mRNAs were purified from the polysomal fraction of 12 h treated and control cells from pools of 24 independent cell cultures for each ( Fig. 2A) . The derived aRNA (amplified RNA) probes were hybridized together on the microarray (PTreated vs. PControl). To quantify the relative abundance of each mRNA within cells, similar experiments were performed with total RNA (TTreated vs. TControl). In order to compare the two experiments, independent hybridizations were also performed between polysomal and total mRNA of control cells (PC vs. TC) and cadmium-treated cells (PT vs. TT). This hybridization scheme, summarized in Fig. 5A , allows quantification of the amount of each mRNA within the polysomal fraction in relation to its total abundance in the cells and the variation of this ratio during cadmium stress. A graphical analysis of the 877 genes displaying variation in at least two experiments (a list is provided in Supplementary data 2) was performed to correlate the results obtained in the four types of experiments (Supplementary data 3). The hybridization ratio in each experiment, symbolized by either a green (ratio <0), red (ratio >0) or black (ratio = 0) bar, connects the RNA population under study to form a quadrilateral form according to the experimental shape of the hybridization experiments. This analysis is based on the fact that a variation in one of the hybridization ratios must be compensated by a variation in another ratio. These quadrilateral forms potentially represent different patterns of regulation. All the observed subclass figures are closed, with the exception of one subclass 19 representing three genes. Moreover, the sum of the hybridization ratios (R PT vs. R PC + R PT vs. R TT À R TC vs. R TT À R PC vs. R TC ) for each of the genes displaying a significant difference in at least one experiment is equal to 0 (±1) for 97.16% of them. This analysis therefore demonstrates the good correlation between the experiments.
Subgroups of mRNAs display different patterns of regulation
According to dissimilarity using the Euclidian distance, microarray results were classified according to TC vs. TT and PC vs. PT experiments and then subdivided into four classes according to the result of the PC vs. TC and PT vs. TT experiment ( Fig. 5B and Supplementary data 2). Class 1. In this class, following cadmium treatment, genes are either repressed or activated transcriptionally, i.e. the ratio of their hybridization signals in the TC vs. TT experiment is either negative (down-regulated) or positive (up-regulated) while their mRNAs are correlatively found to be more or less abundant in polysomes. The ratio of the hybridization signals in the PC vs. PT experiment is similarly either negative or positive. These are genes for which transcriptional and translational regulation under cadmium stress is homodirectionally oriented. This class contains 150 genes (Supplementary data 2).
Class 2. Genes in this abundant class (475 genes) were found to display either an increase or a decrease in their relative total RNA abundance during cadmium stress without modification of their polysomal RNA level. In addition, examination of the ribosome loading status shows that genes transcriptionally activated by cadmium always have a reduced relative polysome association in cadmium-treated cells vs. control cells while transcriptionally repressed genes display an increased polysome association in cadmium-treated cells. This supports the hypothesis of a lack of coordination between transcription and translation for a large number of genes and suggests that 'buffering' is exerted post-transcriptionally to maintain the homeostasis of protein production. The existence of a large class of mRNAs for which the abundance can vary in the cell without being translated shows that the initiation step of translation is impacted during the stress response. treatment. These are therefore mRNAs which can be recruited or dissociated from the translational apparatus independently of transcription and thus exhibiting bona fide translational control. The ribosome loading is increasing in cadmium-treated cells compared with control cells (PC vs. TC < PT vs. TT) for activated genes and decreasing for repressed genes (PC vs. TC > PT vs. TT), which is in agreement with their increase or decrease, respectively, in translation. A schematic representation of the regulation patterns is proposed in Fig. 6 . Class 4. A large group of genes (208 genes) were not found to display a modification either of their total RNA or of their polysome levels upon cadmium addition. However, they were found to show an association with polysomes different from the mean value and were therefore retained in the analysis. These are mRNAs with either high or low ribosome loading status, presumably over-or undertranslated, and for which the translational state is not affected by cadmium. The identification of this class highlights the interest in the polysome vs. total experiments as a validation of the total vs. total and polysome vs. polysome comparisons.
To compare these data with those obtained in a study of translational responses during a dehydration stress ) the average ribosome loading has been calculated for all genes. All genes in the four classes defined above were found to be repressed translationally during dehydration stress (Supplementary data 4A). This result may highlight the differences between the two types of stress.
Dehydration promotes a strong survival response leading to a general decrease in translation associated with growth arrest, while chronic cadmium intoxication leads to an adaptative response allowing anabolism and continuous cell proliferation. Further analysis of class 4 mRNAs that are underloaded in polysomes shows that they have a shorter 5 0 UTR, coding sequence and 3 0 UTR than mRNAs overloaded in polysome fractions (Supplementary data 4B) , supporting a link between mRNA length and polysome loading.
Functional analysis
The genes differentially regulated during cadmium stress were analyzed with Classification SuperViewer (Provart and Zhu 2003) (Fig. 7) . This shows that different cell compartments are affected by cadmium. Genes involved in ribosomal functions and coding for cytosolic proteins are abundant in class 1 up-regulated genes, while class 1 down-regulated genes were often involved in the plasma membrane compartment. Golgirelated proteins were found to be abundant in class 2 up-regulated genes, while genes involved in cell wall and general stress were represented in class 2 down-regulated genes. Concerning class 3 up-regulated genes, several were found to code for ribosomal components and plastid-related processes. Genes involved in endoplasmic reticulum functions were found to be abundant in class 4 (Fig. 7) . Interestingly, this analysis shows that genes coding for ribosomal components are found in different classes, suggesting several levels of regulation for the translational machinery itself. During cadmium stress, cytosolic sulfate consumption is driven by phytochelatin production (Supplementary data 1) and cells have to increase sulfate import from the medium (Supplementary data 7) . Interstingly, the 5 0 ADENYLYLPHOSPHOSULFATE REDUCTASE 2, AT1G62180, which is a key enzyme of the assimilatory sulfate reduction pathway (Loudet et al. 2007) , is a class 1 up-regulated gene (Fig. 5B, Supplementary data 2, Supplementary data 6) . Indeed, the regulation of two genes coding for sulfate transporters was altered. AT5G19600 is down-regulated transcriptionally and translationally (class 1 down-regulated gene) and AT5G10180 is up-regulated (class 1 up-regulated gene). Vacuolization is an important aspect of cadmium and xenobiotic detoxication, and AT2G23150 coding for the NRAMP3 transporter known for its ability to transport cadmium across the vacuolar membrane is a class 1 up-regulated gene (Oomen et al. 2009 ). In addition, AT3G26520 coding for a gTIP aquaporin is a class 3 down-regulated gene, suggesting that preservation of the osmotic potential of the vacuole is part of the response.
On the other hand, the microarray experiments provide a bird's eye view for the identification of translational targets of cadmium stress. AT5G35620 encoding the translation initiation factor eIF(iso)4E was found in the class 2 up-regulated genes. The translation factor eIF4E is known to be a direct target of cadmium toxicity in mammalian cells (Othumpangat et al. 2005) . This prompted us to evaluate the role of the eIF(iso)4E Graphical models for different classes of regulation after cadmium exposure. Class 1 represents mRNAs that display a change in their abundance in total RNA together with a correlated change in their polysomal mRNA abundance. Class 2 represents mRNAs that display a change in their total RNA abundance without a change in their polysomal RNA abundance. Class 3 represents mRNAs that display a change in their polysomal abundance without a change in their total RNA abundance.
in the stress response caused by cadmium. With this end in view, mutant eIF(iso)4E (Duprat et al. 2002) and wild-type seeds were sown on 10 mM cadmium-containing media (Herbette et al. 2006) . At this concentration, 100% of wild-type seeds germinated after 10 d while only 75% of mutant seeds were able to germinate (Supplementary data 8) . This suggests that a critical step for germination on cadmium involves eIF(iso)4E-mediated translation. A second candidate gene, AT1G65220, codes for an eIF2 complex component. This eIF2 complex is regulated by GCN2 kinase activity on eIF2a, and our results suggest a role for this regulation pathway in cadmium response.
Discussion
The effect of cadmium on protein synthesis
As heavy metals such as cadmium often occur as trace pollutants in the environment, they often induce chronic toxicity with long-term rather than short-term effects (He et al. 2005) . In this work, moderate heavy metal stress was produced in the cell culture. Although the production of the cadmiumdetoxifying compounds was induced, the cells continued to grow at a normal rate, suggesting that a physiological detoxication response was produced without adversely affecting survival and proliferation.
The translational machinery uses a large part of the energy of cells and is therefore submitted to reorganization during stresses. To document the changes in translation occurring during cadmium intoxication, we monitored both global changes occurring at the level of polysomes and variations occurring at the level of individual mRNAs.
Polysome profiles were found to be dramatically affected by cadmium, with an accumulation of high molecular weight polysomes. This effect was superimposable on that of cycloheximide, a known inhibitor of translation elongation, and does not result from an increased production of ribosomes or from increased global protein synthesis. Indeed, the rate of protein synthesis decreases upon addition of cadmium. One possibility would be that cadmium strongly inhibits translation independently of elongation, causing ribosomes to stall on mRNAs. This kind of regulation has been demonstrated for CGS1 (cystathionine g-synthase) mRNA . This gene encodes an enzyme involved in methionine production and its translational regulation is dependent on S-adenosyl-L-methionine. This metabolite induces a nascent peptide-mediated arrest of elongation. A similar phenomenon acting on multiple mRNAs is possible with cadmium, which induces an important variation in metabolites and particularly amino acids for the production of phytochelatins. In addition, amino acid deprivation is known to induce GCN2 kinase activity and eIF2a phosphorylation. Another hypothesis would be that cadmium would trigger interactions between ribosomes, or other polysomal components, possibly through misfolded nascent peptides. This may be a consequence of the unfolded protein response (UPR) that was found to be caused by cadmium in other cellular systems. The induction of the BIP-2 gene (AT5G42020) coding for a luminal binding protein, a known marker of the plant UPR (Lu and Christopher 2008) , supports this hypothesis.
In animal cells, the UPR is known to lead to translational arrest through eIF2a phosphorylation by PKR-like endoplasmic reticulum protein kinase (PERK). In yeast and plants, there are no orthologs of PERK, although eIF2a phosphorylation is a known mechanism of translational regulation (Mori 2009 ). In Arabidopsis, the only known eIF2a kinase was recently found to be AtGCN2, which is activated during cellular stresses (Lageix et al. 2008 , Zhang et al. 2008 . Indeed, cadmium leads to an increase in eIF2a phosphorylation. Moreover, the hypersensitivity to cadmium of the Atgcn2 mutant demonstrates that eIF2a phosphorylation is part of the adaptation response to cadmium. In addition, this suggests that a UPR-like response may be occurring in cadmium-treated cells.
Translation and cell homeostasis
The microarray experiment was performed with a design that allows the comparison of changes in gene expression in total RNA and in polysomal RNA together with an evaluation of the ribosome loading status of each mRNA through the comparison between total RNA and polysomal RNA in the presence and absence of cadmium. This loop design allows for an internal control of changes in relative mRNA abundance within experiments. Altogether, 869 genes were found to be affected by cadmium, with three different patterns of regulation. The largest class (class 2) contains genes that display a change in their total mRNA abundance following cadmium stress without changes in their polysomal mRNA abundance. These genes tentatively define a population of mRNA which can be stored in the cell independently of translation. Sites for temporary mRNA storage may include RNA granules such as stress granules that have recently been characterized in plants (Weber et al. 2008) , and cadmium has recently been found to induce the assembly of stress granules in animal cells (Bravard et al. 2009 ). This suggests the existence of a phylogenetically conserved translational response to cadmium intoxication.
The existence of this large class of mRNA illustrates the fact that transcription and translation can be partially uncoupled. A similar phenomenom has been previously observed for heat and salt stress (Matsuura et al. 2010 ). In our experiments, moderate cadmium stress was applied and it induces a detoxication response through the production of phytochelatin, which is compatible with the continuation of cell growth and division at the same rate as in control cells. It is therefore possible that the translational machinery plays a homeostatic role to allow the maintenance of cell processes during stress. This hypothesis is supported by the fact that at a slightly higher cadmium concentration (300 mM vs. 200 mM), cell growth is arrested, and then restarts with a significant time lag.
The number of genes exhibiting a translational response independently from a transcriptional response is by comparison relatively low (class 3; 43 genes). This is in marked contrast to a previous experiment where translational changes were monitored during sucrose starvation (Nicolai et al. 2006) . In this experiment, 224 class 3 genes were identified, while only 21 genes were assigned to class 2. In that case, a strong sucrose starvation during the exponential phase induces an arrest in cell division and eventually leads to cell death. Cells therefore had to undergo extensive reorganization, as evidenced by the identification of the high proportion of genes involved in cell proliferation and chromatin structure. Altogether, this suggests that the homeostatic capacity of the translational machinery is not the same, depending on the type of stress, chronic toxicity or nutriment starvation, affecting cell integrity.
Genes in class 1 were found to be homodirectionally regulated by cadmium at the level of both their total mRNA abundance and their polysomal RNA abundance. These genes are therefore predominantly regulated by transcription. The comparison of transcriptional and translational (class 1 vs. class 3) responses reveals that cellular functions appear to be differentially regulated during cadmium stress. The most prominent difference between the two classes is the high proportion of membrane components that are translationally regulated. This may represent an adjustment of the capacity of endomembranes to the specific feature of cadmium detoxication, as suggested, for example, by the repression of tonoplast water channels (AT3G26520 in class 3; AT2G45960 in class 1).
The transcriptional response of Arabidopsis to cadmium toxicity was previously described (Herbette et al. 2006) . A common feature of both studies is the activation of pathways linked to sulfur assimilation and transport, and to the oxidative stress response. One of the most strongly induced genes in the present work is a sulfate transporter (At5G10180). In the study of Herbette et al., several genes involved in the generation of flavonoid compounds were found to be up-regulated. This feature was not found in the present study. However, Herbette et al. were working with whole plants, and a flavonoid gene increase was only evident in shoots. Altogether, out of the 536 genes which were found to be differentially regulated in both studies, 33.9% were found in common with the shoot transcriptome and 36.7% with the root transcriptome. As the present work was performed with cell cultures, the different responses may be related to the physiological and developmental status of the cells and tissues used.
Materials and Methods
Arabidopsis cell cultures and cadmium treatment
Arabidopsis thaliana suspension cultures established by Axelos et al. (1992) were grown in basal Murashige and Skoog (MS) medium supplemented with 3% (w/v) sucrose, 0.5 mM kinetin, 0.34 mM 2,4-D and a vitamin mix: 4 mM nicotinic acid, 1.26 mM calcium D-pantothenate, 2.66 mM glycine, 150 mM thiamineHCl, 110 mM folic acid, 0.25 mM pyridoxine-HCl, 20 mM biotin and 28 mM myo-inositol. The pH was adjusted to 5.6 using KOH. Cell cultures were kept under constant illumination at 25 C in an orbital shaker. Cells were subcultured every 10 d by adding approximately 5% of the PCV in a final volume of 100 ml of fresh medium.
For all experiments, cells from exponentially growing cultures were used 5 d after subculture. Cadmium was added as cadmium chloride. Cells were filtered, frozen in liquid nitrogen and stored at À80 C. The viability of cells was determined using the CellTiter 96 Aqueous One Solution Cell Proliferation assay (Promega) which contains a tetrazolium compound and an electron coupling reagent.
Arabidopsis plants and mutants
For each experiment, all genotypes, Col0, the eIF4(iso)4E mutant (Duprat et al. 2002) , Ler and gcn2 (Lageix et al. 2008) , were harvested and stored for 1 week at 4 C before sowing. Seeds were sown on 0.8% agarose, MS/2 medium plates containing 10 mM CdCl 2 (Herbette et al. 2006) . The plates were incubated 48 h at 4 C then transferred to a growth chamber at 25 C, 16 h light/8 h dark, 70% relative humidity. Root growth was measured using ImageJ software TM .
Glutathione and phytochelatin analysis
Peptide extraction and derivatization were adapted from Sauge-Merle et al. (2003) . Fresh tissues were ground in liquid nitrogen and resuspended in 1 ml of extraction buffer [6.3 mM diethylenetriaminepentaacetic acid (DTPA), 40 mM N-acetyl-Lcysteine (NAC) and 0.15% trifluoroacetic acid (TFA)] per 50 mg FW. After a 10 min centrifugation at 15,000 Â g, the supernatant was collected, deposited on 0.2 mm nylon filter columns (Spin-X, Costar) and centrifuged for 2 min at 10,000 Â g. Filtered extracts (125 ml) were mixed with 225 ml of reaction buffer [0.2 M HEPES pH 8.2 containing 6.3 mM DTPA and 0.5 mM Tris(2-carboxyethyl)phosphine]. Following 45 min of incubation in the dark at room temperature, 6 ml of 25 mM monobromobimane dissolved in acetonitrile was added. After another 20 min incubation in the dark, the reaction was stopped by adding 150 ml of 1 M methanesulfonic acid. Samples were stored at 4 C in the dark until HPLC analysis. Calibration curves of glutathione were used in all measurements. Cysteine, glutathione, g-glutamylcysteine (Sigma) and three chemically synthesized phytochelatins (n = 2, 3 and 4) were used as standards.
Determination of metal content
Filtered culture media (1 ml) were acidified by mixing with 4 ml of HNO 3 and incubated at 60 C for 1 d for mineralization. Samples volumes were adjusted to 6 ml with H 2 O. Metal content was determined using an inductively coupled plasma-optical emission spectroscopy apparatus (ICP-OES, Varian Vista MPX). Standard solutions were supplied by Merck.
Primer extension
Total RNAs from treated or control cells were extracted with Trizol reagent (Invitrogen) according to the manufacturer's instructions. The hybridization reaction (10 ml) contained 1Â hybridization buffer (Invitrogen), 5 mg of total RNA and 0.5 pmol specific 5 0 end-labeled oligonucleotide [oAtT for pre-RNA transcription (5 0 -CCTCGTGCCGATATCCGATACCATCCC-3 0 ) and oU3 (5 0 -CTGTCAGACCGCCGTGCGA-3 0 ) for RNA loading control]. Reactions were incubated for 5 min at 80 C and then allowed to cool down to 48 C. Reverse transcription was performed in a 20 ml final volume containing 1Â hybridization buffer (Invitrogen), 1 mM dNTP, 20 U of RNasin (Promega) and 100 U of SuperScript III-RT (Invitrogen). After a 1 h incubation at 48 C, nucleic acids were ethanol precipitated using 5 mg of yeast tRNA as carrier, resuspended in 95% formamide loading dye and subjected to electrophoresis on a 6% polyacrilamide-7 M urea sequencing gel. Reaction products were visualized and quantified with a PhosphoImager (Storm 840, Molecular Dynamics).
Polysome preparation
A 300 mg aliquot of frozen cells was ground into a fine powder in liquid nitrogen and then resuspended in 1 ml of lysis buffer: 100 mM Tris-HCl pH 8.4, 50 mM KCl, 25 mM MgCl 2 , 5 mM EGTA, 15.4 U ml À1 heparin, 18 mM cycloheximide, 15.5 mM chloramphenicol, 2% Triton X-100, 2% Brij 35, 2% Tween-40, 2% NP-40, 2% PTE (polyoxy-ethylene 10-tridecyl ether) and 10% sodium deoxycholate. Cell debris was eliminated by centrifugation at 7,000 r.p.m. for 15 min at 4 C. Cytoplasmic extracts were loaded on an 11 ml 0.8-1.5 M sucrose gradient (40 mM TrisHCl pH 8.4, 20 mM KCl and 10 mM MgCl 2 ). After centrifugation at 32,000 Â g in a Beckman SW41 rotor for 150 min, gradients were fractionalized with continuous monitoring at A 260 . Monosomal and polysomal fractions were identified and pooled for further analysis.
mRNA purification and probe synthesis
Fractions from sucrose gradients were mixed with 8 M guanidine hydroxychloride (v/v) . RNAs were precipitated with 1.5 vol. of ethanol and stored at À20 C overnight (Kawaguchi et al. 2003) . After centrifugation, pellets were resuspended in water and purified using an Rneasy kit (Qiagen). For the total RNA samples, all fractions from a gradient were mixed before mRNA extraction using the same procedure.
All samples were checked for RNA integrity with an Agilent bioanalyzer (Waldbroon, Germany). For probe synthesis, aRNAs were produced from 2 mg of RNA from each pool with the Message Amp aRNA kit (Ambion). Then, 5 mg of aRNAs were reverse transcribed in the presence of 200 U of SuperScript II (Invitrogen), cy3-dUTP and cy5-dUTP (NEN) for each slide. Samples were combined, purified and concentrated on YM30 Microcon columns (Millipore).
DNA microarray hybridization studies
The microarray analysis was performed with the CATMA array containing 24,576 genome sequence tags (GSTs) corresponding to approximately 22,000 genes, including 21,612 AGI-predicted genes and 477 Eugene-predicted genes (Crowe et al. 2003 , Hilson et al. 2004 . In order to obtain enough biological materials while minimizing the biological variability, RNAs from 24 independent cell cultures were pooled. Four comparisons were performed in this experiment. In comparisons TC vs. TT, each array was hybridized at the same time with probes from control cell total mRNA and treated cell total mRNA. PC vs. PT corresponds to hybridization with probes derived from polysomal mRNA from control and treated cells, respectively. PT vs. TT and PC vs. TC correspond to hybridizations with probes derived from polysomal and total mRNA from treated and control cells, respectively. For each comparison, one dye swap was performed as a technical replication with fluorochrome reversal (i.e. two hybridizations per comparison). cRNAs were produced with the 'Message Amp aRNA' kit (Ambion), labeled and hybridized as described in Lurin et al. (2004) . The arrays were scanned on a GenePix 4000A scanner (Axon Instruments) and images were analyzed by GenePix Pro 3.0 (Axon Instruments).
Statistical analysis of microarray data
Data analysis was based on dye swaps (i.e. two arrays, each containing 24,576 GSTs and 384 controls). Statistical methods were developed using the software R (R Development Core Team, http://www.R-project.org) in collaboration with the group 'Statistics and Genome' at UMR AgroParisTech/INRA MIA 518. For each CATMA array, the raw data include the logarithm of median feature pixel intensity at wavelengths 635 nm (red) and 532 nm (green); no background is subtracted. A normalization per array is performed to remove systematic biases. First, spots that are considered badly formed features are excluded (a spot with a flag value equal to À100). Then, a global intensity-dependent normalization is performed using the lowest procedures to correct the dye bias. Finally, for each block, the log-ratio median calculated over the values for the entire block is subtracted from each individual log-ratio value to correct effects on each block, as well as print-tip, washing and/or drying effects. At the end of the normalization step, a normalized log-ratio, which is equivalent to an expression difference (in log base 2) between the two samples co-hybridized on the same array, is given for each spot. It is equal to the raw log-ratio minus the lowest correction minus the block correction. A normalized logarithm intensity for each sample is also calculated. It is done according to the within-array correction which is a redistribution of the correction calculated for the log2-ratio normalization on each channel. To determine differentially expressed genes from a dye swap, a paired t-test is performed on the log2-ratios. The number of observations per spot is inadequate for calculating a gene-specific variance. For this reason, it is assumed that the variance of the log2-ratios is the same for all genes, and spots displaying extreme variances (too small or too large) are excluded. The raw P-values are adjusted by the Bonferroni method (Ge et al. 2003) , which controls the family wise error rate (FWER) and is the most stringent correction. When the Bonferroni P-value is lower than 0.05, the gene is declared to be differentially expressed. Although the microarray experiment was performed only once, the square design of the experiment allows for a built-in control between microarray hybridizations. For each probe, variations in one of the hybridization ratios must be compensated by a variation in another hybridization ratio. Since the sum of the hybridization ratios is equal to 0 (±1) for 97.16% of the probes, this demonstrates the excellent correlation between the experiments. Since translatome analysis requires twice as many hybridizations as a simple transcriptome analysis, we chose to perform polysomal RNA vs. total RNA hybridization in cadmiumtreated and control cells in addition to the polysomal RNA vs. polysomal RNA and total RNA vs. total RNA. This choice allows full benefit to be obtained from the internal control provided by the square design. For example, in the class 2 genes (see Results), we found 1,300 genes exhibiting variation in total RNA abundance without variation in their polysome abundance. Introducing the internal control allowed by the square design leads to consideration of only 475 of them for further analysis.
Data deposition
Microarray data from this article were deposited at Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/; accession No. GSE8435) and at CATdb (http://urgv.evry.inra.fr/ CATdb/; Project: CEA-02_Translatome-Cd) according to the 'Minimum Information About a Microarray Experiment' standards.
Data analysis
Studies of the mRNA sequence have been performed using data from http://bioinfo.ucr.edu/projects/arab_ribosome/search .php .
Functional classifications were obtained from http://bar .utoronto.ca/ntools/cgi-bin/ntools_classification_superviewer .cgi (Provart and Zhu 2003) .
Immunoblot analysis
Following exposure to stress, total protein extracts were prepared as followed. For each treatment, cells were ground in Laemmli buffer containing both complete protease and PhosSTOP phosphatase inhibitor (Roche Diagnostics) and incubated at 95 C for 5 min. After centrifugation, the protein concentration was determined using the Bio-Rad RC/DC Protein Assay. A 35 mg aliquot of proteins was fractioned by SDS-PAGE and transferred to nitrocellulose. Blots were probed using a phosphospecific anti-eIF2a rabbit monoclonal antibody (Epitomics; 1/1,000 dilution). After incubation with a horseradish peroxidase-coupled anti-rabbit secondary antibody (Sigma 1/5,000 dilution), immunoblots were developed by using the ECL Plus Western Blotting detection reagents (GE Healthcare Bio-Sciences). Chemiluminescence was visualized with a VersaDoc Imaging System (Bio-Rad Laboratories, Inc.). Equal loading of protein was confirmed by reprobing the membranes with a mouse monoclonal anti-a-tubulin (Sigma; 1/5,000 dilution). For detection of RPS6 and RPL13, the same protocol was followed but extraction was done without PhosSTOP phosphatase inhibitor and bound proteins were subsequently probed with an anti-RPS6 (dilution 1/5,000) from maize or anti-RPL13 (dilution 1/5,000).
Quantitative reverse transcription-PCR
Reverse transcription reactions and quantitative PCR were performed as described by Lurin et al. (2004) ). Samples of 100 ml were taken twice every hour. Proteins were extracted in 500 ml of freshly prepared extraction buffer [25 mm Tris-HCl pH 7.5, 10 mm NaCl, 10 mm MgCl 2 , 5 mm EDTA, 10 mM b-mercaptoethanol, 1 mM phenylmethylsulfonylfluoride (PMSF), 0.2 mg ml À1 benzidine and 0.2 mg ml À1 leupeptin]. The homogenates were centrifuged (15,000 Â g) for 15 min and trichloroacetic acid was added to the supernatant to a final concentration of 10%. After 1 h incubation on ice and centrifugation, protein pellets were washed twice with ice-cold acetone, air-dried and resuspended in 0.1 M sodium carbonate and 0.1 M dithiothreitol. The samples were sonicated briefly (2Â 15 s at 40 W) on ice to solubilize the pellet. Radioactivity was determined by liquid scintillation counting on 10 ml, and the protein concentration was determined using the Bradford assay.
Supplementary data
Supplementary data are available at PCP online.
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